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FOREWORD 


This  report  was  prepared  by  the  Research  Division,  College  of  Engineer¬ 
ing,  New  fork  University  under  USAF  Contract  No,  AF  33(  616)-3883.  This  contract 
was  initiated  under  Project  7021,  "Solid  State  Research  and  Properties  of  Matter", 
and  Task  70661,  "Effect  of  Internal  Structure  and  Impurities  on  the  Conductivity 
and  Allied  Phenomena  in  Solids"  and  was  administered  under  the  direction  of  the 
Aeronautical  Research  Laboratory,  Directorate  of  Laboratories,  Wright  Air  Develop¬ 
ment  Center,  with  Mr.  James  W.  Poynter  acting  as  project  engineer. 

This  report  covers  work  done  from  December  1,  1956  to  September  30,  1959* 
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ABSTRACT 


Off-stoichiometric  single  crystals  of  PbTe  were  grown  by  the  Bridgman 
technique  at  a  solidification  rate  of  0.35  cm/hr.  At  this  low  solidification 
rate  the  crystals  were  longitudinally  segregated,  the  composition  at  any  point 
corresponding  to  that  dictated  by  the  solidus  curve  of  the  phase  diagram.  The 
phase  diagram  shows  that  PbTe  has  an  off-stoichiometric  melting  point;  the  differ¬ 
ence  in  concentration  between  the  maximum  melting  point  and  the  stoichiometric 
point  being  0.C02  atomic  percent,  with  the  congruent  melting  point  on  the  tellur¬ 
ium  rich  side  of  the  stoichiometric  point.  Stoichiometric  PbTe  is  in  equilibrium 
with  liquid  0.1(1  weight  percent  rich  in  lead,  the  equilibrium  temperature  being 
923* 2 cC.  The  solubility  of  both  lead  and  tellurium  in  PbTe  is  restricted,  the 
maximum  lead  and  tellurium  excess  being  5  x  10“'  a toms/ cm3. 

The  crystals  were  cut  into  thin  sections  perpendicular  to  the  growth 
direction  and  the  slices  homogenized  to  yield  samples  of  different  impurity 
concentrations  of  lead  or  tellurium.  Resistivity,  Hall  coefficient,  and  thermo¬ 
electric  power  measurements  were  made  as  a  function  of  temperature  on  three  slices 
corresponding  to  stoichiometric,  excess  lead,  and  excess  tellurium.  High -temper¬ 
ature  measurements  could  be  made  reproducibly  with  no  loss  of  tellurium  by  coating 
the  sample  with  Sauereisen  No.  10,  a  room-temperature  hardening  cement.  The  results 
obtained  were  analyzed  for  the  basic  electronic  parameters  of  the  material.  The 
high  temperature  results  were  brought  into  agreement  with  room  temperature  optical 
absorption  data  after  correcting  for  vacancy  generation  at  elevated  temperatures. 

The  energy  gap  at  absolute  zero  was  calculated  to  be  0.21;  eV,  and  has  a 
temperature  variation  of  +  2.5  x  10"^  eV/°K.  The  mobility  ratio  is  2.2  +f).l5 
and  the  electron  and  hole  room  temperature  mobilities  are  1170  and  500  ang/volt- 
sec  respectively.  Ihe  electronic  effective  mass  was  found  to  be  0.22  m  and  the 
hole  effective  mass  0.29  m. 
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I.  INTRODUCTION 


During  recent  years  increasing  interest  has  developed  in  the  class  of 
materials  known  as  semiconductors .  A  semiconductor  can  be  defined  as  a  material 
having  a  negative  temperature  coefficient  of  resistivity  with  resistivity  values 
between  approximately  10-3  and  10^  ohm-cm  at  room  temperature. 

The  semiconductors  which  have  been  studied  most  are  germanium  and  silicon, 
due  to  their  many  applications  in  transistors  and  rectifiers.  However,  it  has  been 
demonstrated  (1)  that  the  compounds  of  Types  III-V  and  II-VT,  that  Is,  compounds 
formed  between  elements  of  the  third  and  fifth  columns  and  the  second  and  sixth 
columns  of  the  periodic  table,  also  have  semiconducting  properties.  These  compounds 
are  valence  compounds  and  obey  the  empirical  relationship  derived  by  Mooser  and 
Pearson  (2)  for  semiconductorss 

ne/%  +  b  -  8 

where  Oq  is  the  number  of  valence  electrons  per  molecule 

na  is  the  number  of  Group  IV  to  VII  atoms/molecule 

b  is  the  average  number  of  bonds  between  the  atoms  of  Groups  IV  to  VII 

Since  lead  acts  as  a  divalent  element  in  PbTe,  this  compound  obeys  the 
above  rule# 


PbTe  is  of  particular  interest  for  use  as  a  thermoelement  in  thermoelectri 
generators.  A  thermoelectric  generator  can  be  defined  as  two  different  materials 
joined  at  one  end  which  generate  an  emf  when  a  temperature  gradient  is  imposed  along 
their  length.  It  has  been  shown  (3)  that  materials  with  high  mean  atomic  weights 
should  have  good  properties  for  use  as  thermoelements.  PbTe  falls  in  this  category. 

The  investigation  was  centered  on  determining  the  values  of  the  parameters 
that  affect  the  electrical  characteristics  of  the  material.  These  ares  the  number 
of  current  carriers,  the  carrier  mobility,  the  width  of  the  forbidden  energy  gap  in 
the  compound,  and  the  effective  mass  and  sign  of  the  charge  carriers.  These  properties 
were  obtained  by  growing  single  crystals  of  desired  impurity  concentrations  and  deter¬ 
mining  the  electrical  resistivity.  Hall  coefficient,  and  thermoelectric  power  of  the 
crystals  as  a  function  of  temperature.  From  these  measurement*  the  desired  constants 
were  calculated# 


II.  LITERATURE  SURVEY 


A  brief  review  of  the  literature  on  PbTe  is  given  below.  This  survey  is 
not  intended  to  be  conqprehensive ,  but  rather  to  indicate  the  state  of  knowledge  of 
the  electronic  properties  of  the  compound,  and  also  to  serve  as  a  summary  of  the 
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explain  this,  he  concluded  that  the  mam  impurity  in  both  crystals  was  likely  to 
be  oxygen  from  air  adsorbed  on  the  crucibles*  walls,  and  that  this  p-type  impurity 
must  be  the  cause  of  the  failure  to  obtain  retype  PbTe. 

To  remove  all  adsorbed  gases,  weighed  quantities  of  lead  and  tellurium 
were  placed  in  separate  sidearms  of  a  Y  tube.  The  air  was  pumped  out,  hydrogen 
passed  through  the  crucible,  and  the  crucible  heated  to  red  heat.  The  lead  was 
then  melted  ir.»  j  the  vertical  crucible  (the  bottom  of  the  Y)  and  then  heated  to 
red  heat.  ,r"  e  hydrogen  was  then  pumped  out,  and  the  tellurium  melted  onto  the 
lead  with  hydrogen  flowing  once  more.  The  hydrogen  was  pumped  out  again,  the 
crucible  sealed,  and  crystals  grown.  Lawson  reported  that  n-type  crystals  of 
PbTe  were  grown  in  this  way. 

Putley  (7)  using  the  stoichiometric  crystals  grown  by  Lawson  reported 
that  in  the  intrinsic  range  these  crystals  had  Hall  coefficients  indistinguishable 
from  those  of  the  polycrystalline  samples  studied  previously  (1).  Tbe  values  for 
the  electrical  conductivity,  however,  were  greater  by  a  factor  of  five  to  one 
hundred  for  the  single  crystals  than  for  the  polycrystalline  specimens,  resulting 
in  mobilities  much  larger  in  the  single  crystal  samples.  The  following  compilation 
of  data  was  reported^ 


Compound 

PbS 

PbSe 

PbTe 

energy  gap  e? 

1.17 

0.63 

best  mobility  290#K 

elec. 

800 

1100 

2100 

cm^ /7-sec 

holes 

610 

Uoo 

810 

Scanlon  (9)  pointed  out  that  the  high  value  of  the  energy  gap  for  PbS 
reported  by  Putley  did  not  agree  with  photoconductivity  data  and  noted  a  source 
of  error  in  Putley’s  interpretation  of  high-temperature  resistivity  and  Hall  measure¬ 
ments.  In  his  experiments  on  single  crystals  of  PbS,  Scanlon  observed  that  the 
concentration  of  lead  or  sulfur  remained  unchanged  up  to  500'K,  as  shown  by  revers¬ 
ibility  of  Hall  effect  and  resistivity  curves.  On  heating  the  crystal  above  this 
temperature  irreversible  behavior  was  noted  due  to  vaporization  of  sulfur  from  the 
specimen.  He  avoided  this  vaporization  by  using  Hall  data  on  relatively  pure  samples 
below  500*K,  and  obtained  the  energy  gap  from  the  relations 

R  -  AT” 3/2  e-E/2kT 

An  energy  gap  of  0.37  eV  was  obtained  for  PbS  by  this  method,  which  agreed  closely 
with  the  optically  determined  value. 

Brady  (10)  using  Lawson’s  techniques  for  crystal  growth  attempted  to 
prepare  specimens  of  off-stoichiometric  composition.  He  used  both  graphite  and 
quartz  crucibles,  and  found  no  correlation  between  the  properties  of  the  specimen 
and  the  crucible  material. 
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Annealing  the  crystals  after  growth  dad  not  affect  the  properties  of 
the  specimens*  Almost  all  of  the  outside  surface  of  the  stoichiometric  sanqples 
was  n-type,  but  this  layer  was  present  to  a  depth  of  only  0.002  to  0,010  cm. 

The  bulk  of  the  crystal  was  p-tvpe  and  only  the  last  5  to  10  percent  of  the 
crystal  was  n-type  throughout, 

Non-stoichiometric  samples  were  prepared,  using  Lawson’s  modified  pro¬ 
cedure.  In  samples  containing  excess  lead,  the  portion  that  crystallized  last 
was  n-type  as  was  the  surface.  Samples  containing  excess  tellurium  showed  no 
n-type  regions,  Brady  concluded  that  these  results  indicate  that  solid  PbTe  is 
not  in  equilibrium  with  liquid  of  exactly  the  saate  composition.  #The  lattice 
constant  of  stoichiometric  PbTe  was  found  to  be  6.U57  6  ♦  0.0019  A. 

Silverman  (11)  prepared  specimens  of  PbTe  in  single  crystal  form.  He 
obtained  crystals  having  conductivities  ranging  from  0.003  to  0.13  (ohm-cm),“x 
and  Hall  coefficients  of  from  *3  to  -18  cm3/^eul0  The  mobilities  were  measured 
as  1500  cm2 /volt-sec  for  electrons  and  750  cm^/volt-sec  for  holes.  During  melt¬ 
ing,  lead  segregated  from  the  main  body  of  the  melt  to  the  top,  leaving  the  major 
portion  p-type.  A  non-rectifying  p-n  junction  was  found  along  the  bar. 

Bloem  (12)  concluded  that  for  PbS  the  introduction  of  excess  lead  into 
the  ciystal  causes  a  sulfur  ion  vacancy.  Of  the  two  electrons  given  off  by  the 
lead  atom,  the  first  remains  trapped  at  the  positively  charged  sulfur  vacancy, 
and  the  second  one  is  so  weakly  bound  to  the  vacancy  that  at  room  temperature  it 
behaves  as  a  free  electron.  Similarly,  Introduction  of  excess  sulfur  produced 
lead  vacancies  that  trap  one  hole  and  give  one  free  hole. 

Put.ley  (13, lii) expanded  his  previous  work  and  reported  on  lead  sulfide, 
selenide,  and  telluride.  He  found,  as  before,  that  at  high  temperatures  the 
Hall  effect  and  electrical  conductivity  vary  exponentially  with  temperature  in  a 
similar  way  for  all  specimens,  but  for  every  specimen  a  temperature  exists  below 
which  the  behavior  of  the  Hall  coefficient  is  characteristic  of  the  specimen  and 
is  generally  constant  with  temperature.  Most  specimens  Indicated  negligible  im¬ 
purity  activation  energy,  but  some  PbTe  specimens  showed  evidence  of  Impurity 
levels  situated  about  0.1  eV  from  either  band. 

The  time  taken  to  obtain  the  resistivity  and  Hall  curves  was  five  to 
eight  hours.  To  check  the  reproducibility  of  the  results  a  run  was  made  on  PbTe 
In  which  resistivity-temperature  curves  were  obtained  by  heating  a  sample  through 
various  temperature  cycles.  The  total  time  for  each  cycle  was  15-20  minutes.  No 
evaporization  was  noted  until  a  cycle  at  797  *K  was  tried.  Putley  claimed  that  this 
showed  that  perfectly  reversible  results  may  be  obtained  up  to  700*’K. 

In  the  most  recent  paper  on  thermal  measurements  on  PbTe  (15) »  crystals 
were  grown  by  the  Stockbarger  method.  Data  were  not  taken  in  the  intrinsic  range 
for  fear  of  irreversible  evaporation,  but  by  using  low- temperature  measurements 
of  Hall  coefficient,  the  energy  gap  was  found  to  be  0.3U  eV.  Impurity  ionization 
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energies  were  found  to  be  very  small* 

The  absorption  spectra  of  PbTe  have  been  obtained  by  various  workers 

(16,17,18). 

The  most  accurate  determination  of  the  energy  gap  from  tne  absorption 
edge  for  PbTe,  PbSe,  PbS  is  that  of  Scanlon  (19)  who  used  micro  techniques  on 
sample'  as  small  as  600  x  50  microns.  The  crystal  thicknesses  ranged  from  1  mm 
down  to  a  few  microns.  The  indirect  transition  energy  was  obtained  by  extrapolating 
the  square  root  of  the  absorption  coefficient.-  vs  photon  energy  to  zero  absorption, 
and  the  direct  transition  energy  was  obtained  by  extrapolation  of  the  absorption 
coefficient  squared  vs  photon  energy. 

The  values  obtained  at  300*K  were: 

Material  Direct  Energy  Gap  Indirect  Energy  Gap 

PbS  0.U1  0.37 

PbSe  0.29  0.26 

PbTe  0..32  0,29 

Smith  (20)  obtained  the  basic  parameters  for  PbTe,  PbSe,  and  PbS  by 
comparing  absorption,  resistivity,  and  Hall  coefficient,  data,  and  used  the 
constants  that  provided  the  best  fit  for  all  the  datax 


Compound 

b 

On/m 

®p/® 

E  eV 

PbS 

1.5 

0.18 

0.1 h 

0.30 

PbSe 

1.3 

0.15 

0.17 

0.22 

PbTe 

1.8 

0.17 

0.21 

0.26 

The  phase  diagram  of  the  lead-tellurium  system  has  been  given  in  Hansen  (30 
who  shows  the  solubility  of  lead  and  tellurium  in  PbTe  to  be  extensive,  the  lira,  ts 
of  solubility  being  22-U5  vt  %  tellurium.  The  limits  were  based  on  the  magnetic 
susceptibility  measurements  of  Endo  (31).  Pelzel  (32)  redetermined  the  solubility 
limits  by  determining  the  composition  of  the  liquid  in  equilibrium  with  PbTe  in  two 
phase  liquid  plus  PbTe  alloys  and  confirmed  the  wide  solubility  limits.  However, 
Brebeck  and  Allgaier  (33)  experienced  difficulty  in  obtaining  impurity  concentration 
greater  than.  1CH-9  cra**^  much  lower  than  would  be  expected  for  a  compound  having  vide 
solubility  limits. 

Russian  workers  have  observed  (3U)  that  if  single  crystals  of  PbTe  contain¬ 
ing  excesses  of  Te  are  annealed  at  various  temperatures  and  then  quenched,  a  greater 
number  of  carriers  are  present  in  the  samples  than  if  they  are  slow  cooled  from  the 
annealing  temperatures. 

They  obtained  on  activation  energy  for  the  production  of  these  thermally 
induced  carriers  to  be  0.62  eV ,  assuming  that  the  production  of  these  impurities 
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follows  a  bimolecular  law.  They  stated  that  the  increase  In  number  of  carriers  is 
due  to  the  solution  of  tellurium  in  the  compound  from  extraneous  quiescent  im¬ 
purities. 


They  also  found  excesses  of  lead  to  have  very  little  effect  on  the  elec¬ 
trical  properties  of  the  compound  unless  substitution  of  monovalent  cations  for 
lead  in  the  lattice  were  made.  They  claim  that  this  results  in  a  cation  vacancy 

in  which  the  excess  lead  atom  can  then  dissolve  and  can  then  take  part  in  the 

conduction  processes. 

The  diffusion  coefficient  has  been  determined  by  observing  the  movement 
of  a  p-n  junction  along  the  length  of  a  single  crystal  as  lead  was  diffused  into 
PbTe  (35)*  Diffusion  coefficient  varying  from  0.7  x  lcA0  to  3.5  x  10^-  cm^/sec 
were  found  over  the  temperature  range  of  532*  to  773*Ko  An  activation  energy  of 
0.6  eV  was  calculated  for  the  diffusion  of  Pb,  0.75  eV  for  Te. 

This  literature  review  indicates  that  there  are  several  areas  for  research 
on  the  properties  of  PbTe. 

The  data  of  Brady  (10),  Silverman  (11),  and  Lawson  (5)  indicate  that  PWo 

has  an  off-stoichiometric  melting  point,  but  no  quantitative  measurements  have  as 

yet  been  made. 

The  large  effect  that  evaporation  of  tellurium  from  PbTe  at  elevated 
temperatures  can  have  on  the  electrical  properties  has  only  recently  been  under¬ 
stood  (9)*  and  one  investigator  (15)  has  avoided  this  error  in  PbTe  by  working 
at  low  temperatures.  However,  this  leads  to  an  inadequate  knowledge  of  the  hi^i- 
temperature  properties  of  the  compound. 

This  investigation,  therefore,  had  two  main  objectives*  1)  to  clarify 
the  phase  diagram  of  the  Pb-Te  system*  2)  to  obtain  the  thermoelectric  properties 
of  the  compound  at  several  selected  impurity  concentrations  as  a  function  of 
temperature  and  to  obtain  the  basic  electrical  constants  for  PbTe  from  this  data. 


HI.  EXPERIMENTAL  PROCEDURE 


A.  Crystal  Growths 

The  starting  materials  used  were  spectroscopically  pure  lead  obtained 
from  the  American  Smelting  and  Refining  Comparer.  A  typical  analysis  is  given  in 
Table  I. 


Single  crystals  of  PbTe  were  grown  by  the  Bridgman  technique.  15(5  g 
samples  of  desired  compositions  were  weighed  to  ♦_ 1  mg  on  an  analytical  balance 
and  placed  into  quarts  tubes  which  were  evacuated  to  1  micron  and  then  sealed. 

In  several  cases  the  tube  was  heated  to  red  heat  with  a  torch  to  remove  adsorbed 
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gases  before  the  material  was  placed  inside,  and  zone  refined  starting  material 
used,  but  no  consequent  difference  in  the  grown  crystals  was  observed# 


The  capsule  was  sealed  as  close  to  the  top  of  the  material  as  possible 
in  order  to  minimize  the  volume  available  for  vaporization  of  tellurium.  The 
sealed  capsules  were  lowered  through  a  ni chrome -wound  resistance  furnace  three 
feet  long  and  1-^  inches  in  diameter  by  a  1  rpm  motor  geared  down  to  drive  a  rack 
at  a  rate  of  .35  cra/hr0  The  specimen  was  connected  to  the  drive  mechanism  by  a 
thin  flexible  wire  running  over  several  pulleys.  The  furnace  temperature  was  held 
at  1080'C  by  means  of  a  Varlac  and  was  recorded  on  a  Weston  temperature  recorder. 
The  temperature  was  found  to  vary  less  than  5*C  during  a  run. 

The  resultant  ingots  were  approximately  U  inches  long  and  1/2  inch  in 
diameter.  In  several  runs  the  capsules  cracked  during  the  solidification  process, 
and  the  specimens  became  oxidized  and  were  discarded.  When  the  specimen  was  not. 
oxidized,  the  ingots  slipped  easily  out  of  the  capsule,  and  had  a  clean,  bright 
surface. 

TABLE  I 

Spectroscopic  Analysis  of  Starting  Materials 
Impuri ty  Concentration  in  Te  Concentration  in  pb 


Sb 

nil 

nil 

Tl 

nil 

nil 

Mg 

nil. 

nil 

Mn 

nil 

nil 

Sn 

nil 

nil 

Si 

nil 

nil 

Cr 

nil 

nil 

Fe 

nil 

0.0002 

Ni 

nil 

nil 

Bi 

nil 

0.0001 

A1 

nil 

nil 

Ca 

nil  + 

nil 

Cu 

nil 

0.0001 

Cd 

nil 

nil 

Zn 

nil 

nil 

As 

0.0001 

nil 

Se 

0.0001 

nil 

Hg 

nil 

nil 

Ag 

nil 

nil 
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3.  Etching  Crystal;; 

A"  oxide  staining  procedure  was  used  as  a  macroetch  for  observing  any 
grain  boundaries  in  the  samples.  To  develop  the  boundaries,  the  specimens  were 
polished  down  to  )/0  paper  and  then  placed  In  a  running  vacuum  in  a  furnace  at 
y)0J"  lor  approximately  five  minutes  to  vapor  l  ze  a  very  thin  layer  of  tellurium 
from  the  surface.  Air  was  then  admitted  to  the  system,  the  specimen  being  held 
at  temperature  for  ten  seconds  to  oxidize,  and  then  water-quenched  to  stop  the 
reaction. 


Different  grains  become  oxidized  to  different  degrees,  and  grains  were 
very'  clearly  distinguished.  No  change  in  the  bulk  resistivity  of  the  samples  was 
observed  due  to  this  treatment. 

C.  Resistivity  Scans 

Resistivity  scans  along  the  length  of  the  grown  crystals  were  determined 
with  a  four-point  apparatus.  Four  tungsten  vires  were  inserted  in  holes  in  a  Teflon 
block  accurately  spaced  0.050  inches  apart.  These  probes  were  individually  spring- 
mounted  by  means  of  spirals  in  the  vires  to  permit  individual  motion  where  needed 
to  compensate  for  irregularities  on  the  specimen  surface.  The  probes  were  pointed 
electr olytically  (21). 

The  probes  were  pressed  against  the  specimen’s  surface  by  lowering  the 
unit  onto  the  specimen  by  means  of  a  rack  and  gear.  Current  was  passed  through 
the  sample  through  the  outer  two  probes,  and  then  through  a  standard  0.01  ohm 
resistor.  The  voltage  drop  across  the  standard  resistor  vss  used  to  determine  the  current 
value.  The  inner  two  probes  were  used  to  determine  the  voltage  drop  across  the 
s  u.np  le  . 


Voltages  were  measured  by  means  of  a  Rubicon  Type  B  potentiometer  and  a 
spotlight  galvanometer  with  a  0.5  uV  sensitivity.  The  distance  from  the  seed  end 
of  t.ie  sample  was  measured  by  means  of  a  micrometer.  Room  temperature  resistivities 
could  be  determined  by  this  apparatus  to  an  accuracy  of  5  x  10-U  ohm  cm. 

D.  Thermoelectric  Sc any 

The  tip  of  a  100 -watt  soldering  iron  was  machined  down  to  a  point  for  use 
as  a  hot  probe0  The  sample  to  be  investigated  was  placed  on  a  copper  sheet,  the 
probe  pressed  to  the  surface  lightly,  and  the  sign  of  the  deflection  was  observed 
on  a  galvanometer  connected  to  the  base  plate  and  the  hot  probe.  The  probe  was 
moved  along  the  specimen's  length  to  obtain  a  scan  of  the  sample. 

E.  Sectioning? 

The  crystals  were  mounted  on  a  porcelain  plate  with  Apeizon  wax,  and 
slices  into  sections  0.1  inch  thick  perpendicular  to  the  growth  direction  by  a 
diamond  cut-off  wheel.  These  sections  correspond  to  single  crystals  of  various 
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impurity  content  of  lead  and  tellurium. 

The  sections  were  then  sealed  into  evacuated  quartz  capsules  and  homo¬ 
genized  at  850*C  for  L8  hours  to  remove  any  segregation  before  measurements  were 
made.  The  capsules  were  less  than  2  inches  in  length.,  and  during  the  homogenization 
process  the  entire  capsule  was  placed  in  the  constant  temperature  zone  cf  the  furnace, 
so  that  no  tellurium  could  be  lost  from  the  sample  by  condensation  on  cooler  parts 
of  the  capsule#  The  resistivity  of  the  two  faces  of  the  slices  were  determined  after 
annealing,  and  were  found  to  be  the  same  within  the  limit  of  measuring  error. 

F.  Resistivity  vs  Temperature; 

Leads  were  welded  onto  the  samples  by  electric  resistance  heating  for 
resistivity  determinations  as  a  function  of  temperature.  A  brass  plate  was  used 
as  one  welding  electrode,  and  was  connected  to  one  output  lead  of  a  5  ampere  Variac. 

The  other  lead  of  the  Variac  was  attached  to  a  pair  of  tweezers,  which  va3  also 
used  to  manipulate  the  wire  to  be  welded#  A  tapping  key  in  the  Variac  output  circuit 
permitted  short  current  pulses  to  be  sent  through  the  circuit. 

The  surface  to  be  welded  must  be  oxide  free,  and  the  surface  was  freshly 
polished  down  to  3/0  paper  immediately  before  welding.  After  several  minutes  stand¬ 
ing  in  air,  the  probe  generally  would  not  make  electrical  contact  with  the  pimple, 
and  the  surface  had  to  be  repolished. 

The  slice  was  then  placed  on  the  brass  plate,  and  the  wire  to  be  welded 
was  touched  gently  to  the  surface  at  the  point  where  welding  was  desired.  The 
tapping  key  was  depressed  momentarily  several  times.  The  specimen-probe  contact 
resistance  heated  the  junction  sufficiently  to  fuse  the  two  together  at  the  surface. 
Copper,  silver,  and  gold  wires  were  welded  successfully,  the  bond  being  very  strong; 
in  tension  the  wire  frequently  broke  before  tearing  out  of  the  surface.  These  materials 
apparently  form  a  low-melting  eutectic  with  PbTe  resulting  in  a  high-strength  bond. 

Three  welding  cycles  of  5V  applied  for  approximately  1/2  sec  were  used. 

Four  probes  were  attached  to  the  specimens  in  a  straight  line  on  the  surface. 
The  distance  between  the  probes  was  measured  by  using  the  graduated  table  of  a  metallo- 
scope.  Room-temperature  resistivities  of  the  samples  were  determined  using  the  welded 
probes  and  the  values  were  compared  with  the  known  four  point  resistivity.  It  was 
observed  that  if  the  spacing  between  the  welded  probes  was  greater  than  0.050  inches, 
and  the  wires  were  less  than  0.00$  inches  in  diameter,  then  the  resistivity  values 
obtained  by  the  two  methods  coincided. 

For  low-temperature  resistivity  measurements,  the  specimens  were  placed 
in  a  crucible  around  which  a  Nichrome  heating  element  had  been  wound.  This  assembly 
was  placed  in  an  outer  crucible  which  was  then  placed  in  a  Dewar  flask  into  which 
the  coolant  was  also  placed.  The  power  input  to  the  heater  equalled  the  heat- 
dissipated  by  the  coolant  at  the  desired  temperature.  Liquid  nitrogen  was  used  as 
the  coolant  for  temperatures  from  77  *K  to  l86*K#  Above  this  temperature  range  the 
liquid  nitrogen  evaporated  very  rapidly,  resulting  in  appreciable  temperature  varia- 
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tions  in  the  specimen  compartment.  Therefore,  dry  ice  was  used  from  ..  86*K  up 
to  room  temperature.  The  temperature  could  be  controlled  to  within  for  a 
period  of  one  hour  with  this  apparatus  without  the  need  for  addi..^  additional 
coolant. 


No  difficulties  were  encountered  in  obtaining  measurements  near  room 
temperature,  but  as  the  temperature  was  lowered  the  probe-specimen  contact 
resistance  increased  rapidly,  and  below  -100®C  the  circuit  resistance  became  so 
great  that  readings  could  no  longer  be  taken  with  a  potentiometer.  The  circuit 
resistance  was  determined  using  a  Wheatstone  bridge  and  was  found  to  be  very 
large  and  rectifying. 

To  obtain  non-rectifying  low-resistance  probes,  the  contacts  were  pulsed 
with  moderate  voltages  for  short  times.  The  contacts  were  welded  in  the  usual 
manner,  and  then  the  Variac  output  was  raised  to  i;0-?0  volts  and  the  tapping  key 
was  depressed  momentarily.  When  the  pulsing  was  done  fast  enough,  the  probes 
remained  welded  firmly  in  place,  and  the  circuit  resistance  remained  below  20  ohms 
maximum  and  was  non-rectifying.  The  pulsing  could  be  done  either  at  room  tempera¬ 
ture  or  after  the  specimen  was  placed  in  liquid  nitrogen  with  similar  results. 

The  pulsing  was  generally  done  while  the  specimen  was  immersed  in  liquid  nitrogen 
so  that  the  low-temperature  resistance  before  and  after  pulsing  could  be  easily 
checked. 


Using  these  pulsed  contacts,  measurements  could  be  made  easily  from 
77*K  up  to  300*Ko  The  room-temperature  resistivity  of  the  samples  was  checked 
with  the  four-point  probe  apparatus  after  the  low-temperature  measurements  and 
was  found  to  be  unchanged. 

Since  the  weld  strength  of  the  silver  probes  is  due  to  the  formation  of 
a  low  melting  eutectic,  for  high- temperature  measurements  different  probe  materials 
must  be  used.  0.00U  inch  diameter  molybdenum  wires  were  found  to  form  satisfactory 
welds  up  to  700"C ,  the  highest  temperature  reached  during  the  experiments.  However, 
the  strength  of  the  weld  is  considerably  less  than  when  silver  is  used. 

To  prevent  vaporization  of  tellurium  from  the  surface  of  the  samples  at 
elevated  temperatures,  the  specimens  after  welding  were  placed  in  25-ml  Pyrex  beakers, 
and  the  beakers  filled  with  Sauereisen  cement,  and  then  baked  at  80*C  for  2h  hours  to 
harden  the  Sauereisen.  The  Sauereisen  used  (#10)  is  a  low- temperature-hardening 
liquified  procelain  which  is  primarily  used  in  the  production  of  sparkplugs  and  forms 
a  vacuum  tight  seal.  The  Sauereisen  surrounding  the  specimen  prevented  tellurium 
from  vaporizing  from  the  surface  and  also  provided  mechanical  support  for  the  molyb¬ 
denum  wires. 

To  protect  the  molybdenum  wires  from  oxidation,  the  assembly  was  placed 
in  a  Vycor  tube,  and  running  nitrogen  was  used  as  an  inert  atmosphere  during  the 
measurements.  Resistivities  could  be  determined  by  this  procedure  satisfactorily 
up  to  700*C* 
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G.  Thermoelectric  Power  vs  Temperatures 


Thermoelectric  power  vs  temperature  data  were  obtained  by  clamping  the 
sample  between  two  large  copper  blocks  in  which  thermocouples  were  imbedded.  A 
temperature  gradient  was  established  across  the  sample  by  placing  the  jig 
eccentrically  either  in  a  furnace  or  in  a  Dewar  flask.  The  thermocouples  were 
used  to  determine  the  temperature  gradient  across  the  specimens*  and  copper  leads 
were  used  to  obtain  the  emf  generated  by  the  specimen  with  respect  to  copper.  To 
obtain  a  temperature  gradient  for  room  temperature  measurements,  a  small  strip 
heater  was  placed  in  one  of  the  copper  blocks.  Gradients  of  20*  to  30*C  were 
used  for  all  measurements.  Identical  precautions  were  used  for  high- temperature 
measurements  as  were  described  for  resistivity  determinations. 

H .  Hall  Effect  vs  Temperature; 

The  samples  were  cemented  onto  a  lavite  block  with  Dekhotinsky  cement, 
and  were  then  cut  into  rectangular  shapes  using  a  jeweler’s  saw.  Current  and 
voltage  probes  were  welded  onto  the  samples'  edges  using  the  techniques  described 
previously.  The  Hall  effect  was  determined  for  temperatures  between  77*K  and 
730#K  using  the  apparatus  3hown  in  Fig.  1. 

The  samples  were  placed  in  a  Dewar  flask  between  the  poles  of  a  D.C. 
electromagnet.  For  low  temperature  studies  liquid  nitrogen  or  a  dry-ice  and 
acetone  mixture  was  placed  in  the  chamber.  To  obtain  intermediate  and  higher 
temperatures ,  a  Nichrome  resistance  heater  was  used.  The  field  strength  was 
determined  using  a  Rawlson  rotating  coil  gaussmeter. 

To  eliminate  Joule  heating  the  procedure  described  in  determining  the 
resistivity  was  followed.  To  eliminate  the  Ettinghausen  and  Nernst  effects, 
measurements  were  made  with  all  possible  combinations  of  field  and  current  re¬ 
versals  as  described  by  Olaf  (22). 

I.  Room  Temperature  Absorption  Spectrums 

A  1/8  inch  thick  slice  of  the  single  crystal  was  polished  down 
sufficiently  so  as  to  be  transparent  in  the  infrared.  The  specimen  was  mounted 
on  a  flat  steel  plate  with  a  hardened  steel  collar  surrounding  it  to  assure 
parallel  polishing  of  the  surface.  Soft  velvet  polishing  cloths  were  used,  with 
600  mesh  alundum  being  used  for  the  grinding  operations,  and  1  micron  diamond 
paste  as  the  final  polishing  material  to  produce  a  scratch  free  surface.  The 
absorption  spectrum  was  determined  for  several  thicknesses  between  ,U  to  150  mm 
over  the  wavelength  range  of  2  to  8  microns  using  a  Beckman  IR-2A  spectrophotometer, 

J.  Thermal  Analysisn 

The  liquidus  line  was  obtained  by  thermal  analysis.  Samples  to  be  in¬ 
vestigated  were  sealed  in  quartz  capsules  having  a  central  thermocouple  wall. 

The  capsules  were  small  enough  so  that  the  entire  length  was  at  the  same  tempera¬ 
ture,  and  thus  no  composition  change  could  occur  by  either  vaporization  or  con- 
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densation  of  tellurium  on  cooler  parts  of  the  capsule.  The  thermal  analysis 
apparatus  was  constructed  according  to  the  specifications  given  by  Roeser  and 
Lonberger  (23).  A  platinum/p la tinura-10i  rhodium  thermocouple  was  used.  The 
thermocouple  was  calibrated  against  the  melting  points  of  copper,  antimony, 
and  zinc.  The  emf  was  obtained  with  a  Rubicon  type  B  potentiometer.  The 
accuracy  of  measurement  obtainable  with  this  system  is  ♦  0»5*Cj  the  precision 
was  better  than  0.1'C.  " 

K.  Lattice  Parameter? 

The  lattice  parameter  of  various  compositions  were  determined  using 
the  standard  Debye-Scherrer  X-ray  technique*  Seven  twenty-five  gram  alloys 
covering  the  range  22  -  ii5  wt  %  tellurium  were  weighed  to  1  mg  and  then  sealed 
in  vycor  capsules  in  vacuum,  heated  above  the  melting  point  and  then  water 
quenched  to  prevent  segregation  during  solidification.  The  samples  were  then 
homogenized  in  the  capsule  for  96  hours  25*C  below  the  solidus  temperature  re¬ 
ported  in  Hansen.  Powder  patterns  were  taken  using  copper  K  radiation.,  The 
parameters  were  determined  using  the  extrapolation  of  a0  vs  (cos20  /  sin2©)  ♦ 
cos2©/©. 


IV.  RESULTS 


1.  Phase  Diagram 

A*  Introduction? 

The  electrical  properties  of  any  semiconductor  depend  on  the  concen¬ 
tration  of  the  impurities  in  the  sample.  In  this  investigation  the  impurities 
of  interest  are  excesses  of  lead  and  tellurium  in  stoichiometric  PbTe.  Therefore, 
to  obtain  crystals  of  varying  composition,  it  is  necessary  to  have  accurate 
knowledge  of  the  lead- tellurium  phase  diagram  in  the  region  near  the  stoichiometric 
point. 


Furthermore,  there  is  evidence  in  the  literature  that  the  congruent  melt¬ 
ing  composition  and  the  stoichiometric  composition  do  not  coincide,  so  that  large 
errors  in  inpurity  content  can  occur  during  preparation  if  the  actual  maximum 
melting  point  composition  is  not  known. 

Several  techniques  were  used  to  delineate  the  section  of  the  phase  diagram 
of  interest.  Thermal  analysis  could  not  be  used  to  determine  the  solidus 
as  the  solidus  temperature  decreases  very  sharply  with  composition,  and  a  thermal 
arrest  cannot  be  observed  accurately.  However,  the  liquidus  line  near  the  maximum 
melting  point  must  be  practically  a  horizontal  line,  resulting  in  sharp  arrests, 
and  thermal  analysis  was  used  to  delineate  this  curve. 

The  solidus  line  was  obtained  from  the  values  of  the  electrical  parameters 
ol  PbTe.  The  detailed  description  of  the  method  used  to  obtain  the  boundaries  is 
given  below. 
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B.  Thermal  Analysis? 

The  liquidus  temperature  was  determined  for  four  compositions  near  the 
stoichiometric  point  by  thermal  analysis.  The  liquidus  temperatures  obtained  are 
given  in  the  following  tables 


TABLE  II 

Liquidus  Temperatures  in  Pb-Te  System 


Conpesltion 
.U*  excess  Pb 
•  25*  excess  Pb 
.08$  excess  Te 
.28*  excess  Te 

These  values  were  used  to  plot  the 
C.  Resistivity  Scans? 


Liquidus  Temperature  *  ,5*C 
923*2*0 
923*6*0 
923.8*0 
922.8*0 

liquidus  curve  given  in  Fig.  6. 


Resistivity  scans  of  the  crystals  grown  are  shown  in  Figs.  2  to  5*  Fig.  2 
is  the  resistivity  scan  of  a  single  crystal  grown  from  liquid  of  stoichiometric 
composition.  The  resistivity  of  the  sample  is  low  in  the  initial  portions  to  be 
solidified,  but  a  sharp  increase  in  resistivity  is  observed  near  the  tail  end  of 
the  specimen,  and  at  approximately  this  point  the  thermoelectric  power  changes  sign 
from  p-type  to  n-type.  The  resistivity  decreases  after  this  peak  toward  the  tail 
end  of  the  specimen.  Ihe  carrier  concentration  as  a  function  of  length  along  the 
crystal  is  shown  in  the  bottom  half  of  the  figure.  Hall  measurements  were  obtained 
at  several  points  along  the  length  of  the  crystal,  and  the  curve  was  calculated  by 
assuming  that  the  mobility  of  electrons  and  holes  was  a  constant  for  the  sample. 

The  peak  in  the  resistivity  curve  corresponds  to  a  minimum  in  carrier  concentration, 
the  lowest  measured  concentration  being  2  x  1016  carriers/cm3.  Above  10l8/cm3  Hall 
coefficient  measurements  become  very  inaccurate  and  the  curve  cannot  be  drawn. 

The  explanation  for  this  curve  can  be  seen  in  the  phase  diagram  shown  in 
the  figure.  If  we  assume  that  the  congruent  melting  point  is  to  the  tellurium  side 
of  the  stoichiometric  point  on  the  diagram,  then  a  specimen  of  stoichiometric  liquid 
composition  initially  freezes  out  solid  which  is  tellurium  rich,  or  p-type.  As 
solidification  progresses,  the  solid  approaches  the  stoichiometric  composition  and 
the  resistivity  rises.  On  further  solidification,  the  solid  rejected  becomes  lead- 
rich,  the  resistivity  falls  and  the  thermoelectric  power  changes  to  n-type. 

The  resistivity  vs  length  curve  for  a  second  sample,  corresponding  to  an 
overall  liquid  composition  of  0.35  wt  *  excess  lead  is  shown  in  Fig.  3*  The  curve 
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has  a  peak  in  resistivity  corresponding  to  a  miniimm  in  carrier  concentration  near 
the  center  of  the  specimen.  This  is  as  expected,  since  the  starting  composition 
is  closer  to  that  of  liquid  in  equilibrium  with  stoichiometric  Pole. 

The  resistivity  of  a  third  sample,  of  overall  liquid  composition  of 
O.UO  wt  %  excess  lead,  is  shovm  in  Fig.  1*.  The  resistivity  peak  is  virtually  at 
the  seed  end  of  the  specimen,  indicating  that  the  liquid  composition  is  very  near 
to  that  in  equilibrium  with  stoichiometric  PbTe,  and  conversely  that  PbTe  is  in 
equilibrium  with  liquid  of  essentially  0. 14O  %  excess  lead. 

A  final  sample,  of  0.30  wt  %  excess  tellurium  is  shown  in  Fig.  5*  The 
resistivity  continually  decreases  from  seed  to  tail  end,  with  no  peak  or  dis¬ 
continuity  and  remains  always  p-type  in  carrier  sign.  This  would  correspond  to 
a  sample  or.  the  tellurium  rich  side  of  the  congruent  melting  point  which  segregates 
along  the  tellurium-rich  solidus  line. 


The  peak  in  resistivity  should  not  Occur  at  tne  stoichiometric  point 
however,  since  the  mobility  of  electrons  and  holes  in  PbTe  are  not  the  same.  The 
stoichiometric  point  can  be  defined  electronically  as  the  composition  where  the 
number  of  electrons  equals  the  number  of  holes.  The  composition  where  the  maximum 
resistivity  occurs  can  be  found  by  the  following  analysis: 


vr*  =  neyuf.  +  pe^A -P  =  (nb  +  p)e^ap  (1 

p 

at  any  temperature:  np  =  n^  (2 

■T-  =  (b  nj2  p-1  +  p)e>^ 

d^~/dp  -  -b  n^2  p-2  +  1  =  0,  bnp"'*'  =1  (3 

therefore:  p  =  nb  (U 


That  is,  the  maximum  resistivity  will  occur  where  the  number  of  electrons 
times  the  mobility  ratio  equals  the  number  of  holes.  Therefore  the  two  compositions 
mil  coincide  if  the  mobility  ratio  is  unity,  but  will  have  different  values  for  all 


other  cases.  The  difference  between  the 
can  be  calculated: 

for  the  maximum  resistivity  composition 
for  the  stoichiometric  composition 

Pmax  “  Pstoich  *4.  (b  ^  -  1) 


hole  concentrations  of  the  two  compositions 

.  ,  .  .1/2  _  .1/2 

^max  “  nmax^)  =  (Pnaxnmax  “  ni 

Pstoich  =  (nstoichPstoich)^^  =  ni 

(5 


Therefore,  to  obtain  the  difference  between  the  stoichiometric  and 
resistivity  maximum  compositions,  and  b  must  both  be  known.  The  mobility  ratio 
was  found  to  be  2.2. and  the  room-temperature  np  product  equal  to  It. 6  x  1CK  (see 
section  2).  Using  these  values  in  the  above  equations  we  find  that  the  maximum 
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resistivity  and  the  stoichiometric  compositions  differ  by  2.3  x  10“5  atomic  percent. 

The  maximum  room-temperature  resistivity  obtainable  in  the  lead-tellurium 
system  occurs  at  the  composition  given  by  equation  5*  The  resistivity  at  thia 
point  can  now  be  calculated  from  equation  1  using  the  mobility  ratio  and  the  np 
product  values  given  above.  The  maximum  resistivity  was  calculated  te  be  0*63  ohm-cm. 
Extrapolation  of  the  resistivity  vs  length  curves  of  Figs.  2  to  5  gives  a  maximum 
resistivity  value  of  .3  ohm-cm,  in  excellent  agreement  with  the  calculated  value 
considering  the  difficulty  of  extrapolating  to  the  maximum  value  of  a  cusp* 

D.  Calculation  of  Solidus  Llnet 

Sufficient  information  is  now  available  to  permit  the  shape  of  the  solidus 
curve  to  be  calculated.  The  liquidus  is  known  from  the  thermal  analysis  data.  The 
solidus  line  can  be  plotted  directly  from  the  liquidus  if  kc  (the  solid  to  liquid 
solute  concentration  ratio)  is  known,  kc  can  be  obtained  by  using  the  equation 
relating  the  concentration  and  fraction  of  an  ingot  solidified  during  directional 
solidification  (2U)« 

C  -  C*  kc  (l-g^c**1  (6 

where  C©  is  the  initial  solute  concentration  in  the  melt 

g  is  the  fraction  of  the  melt  solidified 

kc  is  the  ratloi  solute  in  solid/solute  in  liquid 

C  is  the  concentration  of  solute  at  point  g  in  the  solid 

The  kc  value  and  the  composition  of  the  maximum  melting  point  can  be  ob- 
yained  from  the  above  equation  by  using  the  data  giving  the  variation  of  impurity 
concentration  as  a  function  of  length  of  the  grown  crystals  in  Figs.  2  to  5»  These 
curves  are  equivalent  to  C  vs  g  curves  and  the  distribution  coefficient  can  be 
calculated  using  equation  6.  The  kc  value  determined  in  this  manner  is  kc  ■  0.013 
and  the  congruent  melting  point  was  found  to  be  0.002  atomic  percent  t*  the  tellurium 
rich  side  of  the  stoichiometric  point. 

The  approximation  that  kc  is  independent  of  composition  used  in  obtaining 
the  solidus  should  be  quite  accurate  in  the  small  composition  range  around  the 
congruent  melting  peint.  The  liquidus  curve  is  known  from  the  thermal  analysis 
measurements  and  the  solidus  can  therefore  be  obtained  using  the  value  of  kc  cal¬ 
culated  above* 

The  completed  pl.ase  diagram  in  the  region  near  the  congruent  melting  point 
is  shown  in  Fig*  6*  The  congruent  melting  point  occurs  at  923*5*0  at  0*002  atomic 
percent  excess  tellurium.  The  solidus  temperature  of  the  stoichiometric  point  is 
923*2*C  and  the  liquid  in  equilibrium  with  stoichiometric  solid  is  O.iil  weight  per¬ 
cent  rich  in  excess  lead* 
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E.  Solubility  Limits  of  PbTe" 


Hansen  has  published  the  phase  diagram  of  the  lead-tellurium  system 
based  on  a  compilation  of  reported  data.  The  diagram  has  one  intermetallic  com¬ 
pound,  PbTe,  which  is  shown  to  have  wide  solid  solubility  limits  extending  from 
22  to  1*5  wt  %  tellurium  (31. U  to  57.1  at  %)*  These  limits  were  based  principally 
on  the  magnetic  susceptibility  data  of  Endo.  Pelzel  redetermined  the  solubility 
limits  on  the  lead  rich  side  of  the  compound  by  measuring  the  relative  areas  of 
the  two  phases  in  samples  annealed  in  the  liquid  ♦  compound  region.  His  data 
agreed  with  that  of  Ehdo. 

However,  there  is  reason  to  believe  that  this  section  of  the  diagram  is 
incorrect.  Recent  studies  of  the  semiconducting  properties  of  PbTe  (33)  have  in¬ 
dicated  that  addition  of  either  lead  or  tellurium  to  PbTe  does  not  produce  samples 
having  carrier  concentrations  greater  than  5  x  10^9  cm"^a  Assuming  that  each  im¬ 
purity  atom  results  in  one  ionized  charge  carrier,  this  carrier  concentration 
corresponds  to  a  solubility  range  of  less  than  0.5  at  %.  In  addition,  Pelzel  took 
the  relative  areas  of  the  two  phases  proportional  to  the  relative  volumes,  whereas 
the  areas  should  be  corrected  for  the  different  densities  of  the  phases.  The 
application  of  this  correction  results  in  a  significantly  narrower  calculated 
solubility  range.  To  resolve  the  discrepancy  between  these  values,  the  solid 
solubility  limits  of  the  compound  PbTe  were  re-investigated. 

Eight  25  gr  samples  with  compositions  corresponding  to  1,  3,  5  and 
10  wt  %  excess  lead  and  tellurium  and  two  100  gr  samples  corresponding  to  15  and 
65  wt  %  tellurium  were  prepared.  The  specimens  were  sealed  in  evacuated  quartz 

capsules  and  melted  at  950#C.  The  l£  excess  Pb  and  Te  and  the  15  and  65  wt  %  Te 

alloys  were  homogenized  for  96  hours  at  h$0*C‘,  the  remaining  specimens  were 
annealed  50*C  below  the  solidus  temperature  reported  in  Hansen.  The  specimens 
were  then  polished,  etched  with  dilute  HNO3  and  examined  metallographically.  All 
the  samples  were  observed  to  be  two  phase,  the  second  phase  appearing  at  grain 
boundaries  or  as  spheroidized  inclusions  in  the  grains.  In  the  case  of  the  tellurium 
rich  specimens,  the  second  phase  was  clearly  a  eutectic. 

Debye-Scherrer  powder  diffraction  patterns  of  the  1,  3,  5  and  10£  excess 
samples  were  obtained  using  Cu  K«.  filtered  radiation.  The  films  were  indexed  as 
the  B1  or  NaCl  structure.  The  calculated  lattice  parameter  of  PbTe  was  constant, 
for  all  the  films,  and  the  average  of  the  eight  samples  gave  ao  •  6.U60  ♦  0.0005A. 

Lines  due  to  excess  lead  or  tellurium  were  very  faint  but  could  be 

clearly  seen  in  all  the  films. 

The  percentage  of  the  second  phase  present  was  determined  by  planimetry 
on  the  15  and  65  wt  $  Te  samples.  The  relative  areas  of  the  two  phases  on  a  100 
magnification  microphotograph  were  corrected  for  the  differences  in  density  of  pb, 

Te  and  PbTe,  and  were  then  taken  as  proportional  to  the  relative  volumes  of  the 
two  phases.  The  corrected  relative  volumes  agreed  with  a  phase  diagram  having  low 
solubility  of  both  lead  and  tellurium  in  lead  telluride. 
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Since  planimetry  gi v ? 3  correct  volume  ratios  only  if  the  grains  of  the 
two  phases  are  randomly  distributed,  the  result  was  checked  by  determination  ef 
the  density  of  the  two  specimens  by  weighing  in  air  and  in  water.  The  specimens 
were  broken  into  small  pieces  to  eliminate  any  internal  porosity.  Ary  adherent 
air  bubbles  were  then  removed  bv  vigorous  shaking  under  water  for  several  hours. 
The  density  of  lead  (11,3k  g/cm^)  and  of  tellurium  (6,25  g/cm3)  was  taken  from 
the  International  Critical  Tables  and  that  of  stoichiometric  PbTe  (8.25  g/cm3) 
calculated  from  the  lattice  parameter.  For  the  15  wt  %  Te  samples,  the  density 
assuming  no  solubility  was  calculated  to  be  9« 89  g/cm3j  the  observed  density  was 
9.86  g/cm3.  For  the  65  wt  %  Te  alloy,  the  density  calculated  for  the  case  of  no 
solubility  was  ?.2ii  g/cm3|  the  observed  density  was  7.22  g/cm3.  These  results 
are  consistent  with  those  of  planimetry. 

It  can  be  concluded  that  the  solubility  limits  of  PbTe  are  quite  narrow, 
and  that  the  electrical  measurements  previously  cited  accurately  define  the  phase 
diagram.  The  maximum  solid  solubility  of  both  lead  and  tellurium  in  PbTe  can 
therefore  be  placed  in  the  range  of  0.2  at  %, 

2.  Electron! -  Properties 


A.  Introductions 

To  determine  the  electronic  properties  of  PbTe,  three  slices  cut  from 
single  crystal  1  were  studied  extensively.  Measurements  were  made  on  sections 
corresponding  to  stoichiometric,  excess  lead  (n-type),  and  excess  tellurium 
(p-type),  all  having  carrier  concentrations  less  than  10iS/cm3. 

The  resistivity.  Hall  coefficient,  and  thermoelectric  power  of  the  three 
samples  investigated  are  shown  as  a  function  of  temperature  in  Figs.  7  to  15. 

Sample  3  was  cut  from  the  tellurium-rich  section  of  the  ingot  and  is 
p-type,  as  was  determined  from  the  sign  of  the  Seebeck  and  Hall  coefficients. 
Sample  LU  was  the  slice  with  the  highest  resistivity  after  homogenization  and 
was  taken  as  being  the  slice  closest  t#  stoichiometric  in  composition.  The  sign 
of  the  majority  carriers  was  also  found  to  be  positive.  Sample  19  was  cut  from 
the  tail  end  of  the  specimen,  corresponding  to  excess  lead  and  is  n-type. 

The  intrinsic  electrical  properties  of  a  semiconductor  are  largely 
determined  by  the  width  of  the  forbidden  energy  gap  and  by  the  effective  mass 
and  the  mobilities  of  the  current  carriers.  The  inclusion  of  impurities  in  the 
material  alters  the  low-temperature  behavior  from  that  of  a  pure  semiconductor. 

The  methods  by  which  these  parameters  are  calculated  from  the  Hall, 
resistivity,  and  thermoelectric  power  data  obtained  is  discussed  below. 
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Three  methods  were  used  to  determine  the  energy  gap: 

1.  Determination  from  the  slope  of  the 
resistivity-temperature  curve. 

2 «  Determination  from  the  variation  of 
carrier  densities  as  a  function  of 
temperature. 

3*  Determination  of  photon  energy 

necessary  to  excite  across  the  for¬ 
bidden  gap. 

B.  Resistivity-Temperature  Determination  of  Energy  Gaps 

The  relation  between  resistivity  and  temperature  in  the  intrinsic  con¬ 
ductivity  range  of  a  semiconductor  is* 

P  -  2.  (2^  kT/h2)*3/2  (%  Up) “3 A  eS/2kT 

The  calculation  of  the  energy  gap  is  based  on  the  assumption  that  the 
resistivity  variation  with  temperature  can  be  simplified  to* 

P  .  B.E/2kT 

where  S  *  So  +  (%  T 

/S  and  B  are  constants. 

Since  B  contains  a  T ~3/2  term  and  a  mobility  ter®  which  is  temperature  dependent, 

B  can  be  independent  of  temperature  if  mobility  varies  as  T"3/*# 

Differentiating  the  logarithm  of  the  resistivity  with  respect  to  l/T  in 
this  simplified  equation  gives* 

tQ  *  2k 

Tfir/rr 

Hence,  the  slope  of  the  In  versus  l/T  ia  a  measure  of  the  energy  gap.  The  above 
equation  implies  that  the  mobility  of  the  carriers  varies  with  temperature  as  T"3/2 
(in  order  for  B  to  be  independent  of  temperature).  The  T”3/2  variation  of  mobility 
with  temperature  is  that  predicted  for  lattice  scattering  by  phonons  in  the  acoustical 
mode,  and  is  obeyed  by  germanium  and  silicon  at  room  temperature.  Attenpta  have  been 
made  to  explain  other  power  dependence  by  assuming  that  phonons  can  be  scattered  by 
optical  modes  as  well  as  the  acoustical  modes  of  vibrations,  thus  altering  the  tempera¬ 
ture  dependence  of  mobility.  There  is  also  a  small  contribution  to  the  temperature 
dependence  of  mobility  by  electron-hole  scattering  at  high  carrier  densities.  The 
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amount  of  this  contribution  hae  also  been  calculated  using  a  modified  impurity 
scattering  derived  by  Conwell  (25).  Hole  mobilities  in  germanium  were  found  to 
vary  with  as  high  as  the  -5/2  power  of  temperature  at  very  high  temperature,  and 
Shogenu  and  Uchiyama  (15)  have  found  PbTe  to  obey  this  relationship  at  all  tempera¬ 
tures. 


The  logarithm  of  the  resistivities  of  the  samples  as  function*  of  the 
reciprocal  temperature  are  given  in  Fig.  7,  10  and  13.  The  intrinsic  resistivities 
are  replotted  on  an  expanded  scale  in  Fig.  16.  The  plots  are  straight  lines  in 
the  intrinsic  range,  with  slopes  corresponding  best  to  0.35  eV.  The  intrinsic 
resistivities  are  reproducible  after  heating,  cooling,  and  reheating  of  the  specimens, 
indicating  that  tellurium  vaporization  up  to  700*C  is  negligible  when  a  Sauereisen 
coating  is  used. 

The  fact  that  the  intrinsic  resistivity  curve  is  a  straight  line  in¬ 
dicates  that  variations  in  resistivity  due  to  temperature  dependence  of  mobility 
and  position  of  the  Fermi  level  are  not  very  significant  compared  to  the  exponential 
thermal  excitation  of  electron-hole  pairs,  which  appears  to  be  the  controlling  factor 
at  high  temperatures. 


C.  Carrier  Concentration  vs  Temperature  Determination  of  Energy  Qap* 

Although  the  method  described  above  shows  there  is  no  simple  relation 
between  l/T  and  the  energy  gap,  if  the  product  npT*3  l8  formed  for  a  non-degenerate 
semiconductor  a  function  is  obtained  which  will  lead  to  the  desired  relation  ex¬ 
clusive  of  the  mobilities  and  position  of  the  Fermi  level  (26).  This  product  ist 

npT“3  e  k(2TTk/h2)3  (n^  mp)3/2  (7 

The  activation  energy  E  can  then  be  obtained  from  the  slope  of  a  plot  of  the  log 
of  npT“3  against  l/T. 


To  calculate  the  value  E  by  this  method  the  electron  and  hole  concen¬ 
trations  must  first  be  obtained  from  the  Hall  coefficient  data.  The  Hall  co¬ 
efficient  in  the  intrinsic  region  is  given  by? 


R  «  -  3  77  (nb2  +  p) 

8e  (nb  +*  p)^ 


(8 


In  the  exhaustion  range,  that  is,  at  tempe ratures  at  which  all  ijqsuritiee 
are  ionized  and  a  negligible  number  of  valence  electrons  are  excited  into  the 
conduction  band,  the  Hall  coefficient  equation  for  p-type  samples  reduces  toe 


ly 
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From  the  condition  of  electrical  neutrality  we  haves 
P  -  n  ♦  Na  (for  p-type)  (10 

where  Na  *  the  number  of  acceptor  impurity  atoras/cm3. 

Therefore,  if  the  mobility  ratio  is  known,  n  and  p  at  any  temperature  can  be 
calculated  from  equations  7,8,9.  The  assumption  inherent  in  tHse  equations, 
that  the  mobility  ratio  is  constant  with  temperature,  is  made  without  complete 
justification.  However,  if  n  and  p  are  calculated  from  the  equation  using  this 
assumption  and  a  straight  line  is  obtained  in  a  plot  of  log  npT”3  against  1/T, 
it  is  reasonably  sure  that  b  is  constant  ever  the  temperature  range  investigated. 

Determination  of  the  mobility  ratio  is  almost  invariably  performed  in 
p-type  material  by  determining  the  ratio  of  the  maximum  value  of  the  Hall  co¬ 
efficient  in  the  intrinsic  range  to  the  value  of  the  Hall  coefficient  in  the  ex¬ 
trinsic  range  (27). 

However,  this  method  cannot  be  used  in  n-type  material,  since  the  Hall 
coefficient  continually  decreases  to  zero  and  does  not  have  a  maximum.  Since  -t 
is  desirable  to  have  independent  mobility  ratio  determinations  in  all  the  samples, 
the  method  devised  by  Hunter  (28)  was  used.  This  method  has  the  added  advantage 
that  there  is  no  possibility  of  error  due  to  the  difference  between  the  Hall  mobility 
and  the  drift  mobility.  Hunter  has  shorn  that  the  mobility  ratio  is  determined  by 
the  intersection  of  the  extrinsic  and  the  intrinsic  resistivity  curve  extrapolations. 
The  mobility  ratio  can  then  be  given  by* 


b  «* 

1  -  r 

r=T 

(p-type) 

(11 

1  - 

1  -  r 

(n-type) 

(12 

TT 

x=r 

where  r  is  the  ratio  /e  /  /f  where  /«  is  the  resistivity  of  the  extrinsic  line  ex¬ 
trapolated  to  the  intersection  of  the  intrinsic  and  extrinsic  lines,  and  £  is  the 
actual  resistivity  at  the  same  temperature.  However,  since  the  ratio  of  the  two 
resistivities  is  used,  the  resistivity  in  the  transition  region  must  be  determined 
very  accurately*  Resistivities  could  be  determined  in  this  temperature  range  to 
10“3  ohm-cm,  corresponding  to  a  mobility  ratio  error  of  ♦  o05. 

A  difficulty  associated  with  this  procedure  is  the  determination  of  a 
satisfactory  method  of  extrapolation.  The  intrinsic  line  can  be  extrapolated  with¬ 
out  difficulty  since  it  is  a  straight  line*  However,  the  extrinsic  line  is  decidedly 
curved.  Hunter  (28)  suggests  extrapolation  assuming  that  the  mobility  is  a  ainqple 
power  function  of  temperature,  and  this  procedure  was  used  in  this  investigation. 
However,  the  mobility  versus  temperature  curves  found  for  PbTe  do  not  fall  on  a 
simple  power  function  plot  very  well,  and  it  is  estimated  that  an  error  in  mobility 
of  ♦  0.1  was  introduced  due  to  the  uncertainty  in  the  extrapolation. 
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The  mobility  ratio  determinations  in  the  transition  range  are  shown  in 
Fig.  17,  18,  19.  The  average  value  of  the  mobility  ratio  was  determined  to  be 
2.25  ♦  0.25. 

Using  this  value,  n  and  p  ware  calculated  by  means  of  equation  8.  The 
log  npT"3  is  plotted  for  sample  lit  vs  1/T  in  Fig.  21.  Analysis  could  not  be 
performed  on  samples  3  and  19  since  the  Hall  coefficient  of  these  samples  is  so 
low  that  variations  of  Hall  coefficient  with  temperature  could  not  be  accurately 
followed.  The  slope  of  the  curve  for  sample  lit  was  found  to  correspond  to  0.35 
in  good  agreement  with  the  slope  of  the  resistivity  vs  temperature. 

D*  Determination  of  Optical  Energy  Qapt 

The  energy  gap  can  be  determined  by  the  interaction  of  photons  with  the 
electrons  in  the  valence  band.  At  photon  energies  below  that  of  the  forbidden  gap 
there  will  be  no  excitation  and  the  only  Interaction  will  be  weak  absorption  by 
any  free  carriers  in  the  sample.  At  photon  energies  equal  to  that  of  the  forbidden 
gap  the  absorption  coefficient  will  rise  sharply. 

Direct  transitions  from  the  valence  to  the  conduction  band  can  occur 
provided  that  the  wave  number  does  not  change  during  the  transition.  In  such 
transitions  it  has  been  shown  (19)  that  the  absorption  coefficient  is  proportional 
to  the  square  root  of  the  photon  energy.  In  indirect  transitions,  where  phonon- 
electron  interactions  occur,  the  absorption  coefficient  is  lower  and  is  proportional 
to  the  square  root  of  the  photon  energy. 

The  direct  energy  gap  can  therefore  be  obtained  by  extrapolating  the  ab¬ 
sorption  coefficient  squared  vs  photon  energy  to  zero  energy*  the  indirect  gap  can 
be  obtained  from  a  plot  of  the  square  root  of  the  absorption  coefficient  vs  the 
photon  energy  (19).  The  extrapolation  is  shown  in  Fig.  22.  The  energy  gap  for 
direct  transitions  is  0.32  eV. 

Eo  Determination  of  Carrier  Mobilities* 

The  mobilities  of  the  carriers  can  be  found  using  the  calculated  values 
of  p  and  n.  The  ratio  of  mobilities  is  assumed  a  constant  with  temperature.  The 
resistivity  is  given  byt 

P  -  (JMlAi  ♦  pw)"1  (13 


This  may  be  simplified  in  the  extrinsic  range  tos 


^  n  -  (  /°en)“l 

At  -  (ffep  )-1 


-8R  for  n-type  material 

3  ITf 


for  p-type  material 


(1 h 
v-5 
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In  the  transition  region  between  the  intrinsic  and  extrinsic  ranges,  where  both 
n  and  p  are  appreciable  and  not  equal,  we  have* 

8/3TT e(n  ♦  p/b)  for  n-type  material  (16 

(p  ♦  bn)  e  for  p-type  material  (1? 

Fig.  20  shows  the  calculated  majority  carrier  mobilities  as  a  function  of  tempera¬ 
ture  for  samples  3>  lli,  and  19®  The  mobilities  decrease  with  increasing  temperature, 
the  hole  mobility  of  Specimen  3  decreasing  more  rapidly  than  that  of  the  purer 
Specimen  liu  At  approximately  room  temperature  the  mobilities  of  the  two  p-type 
samples  approach  each  other  and  the  motility  of  the  n-type  sample  approached  the 
value  of  b/^p. 

It.  therefore  appears  that  the  mobilities  above  200*K  can  be  considered 
as  being  determined  primarily  by  lattice  scattering  which  is  independent  of  im¬ 
purity  concentration,  while  at  lower  temperatures  the  scattering  is  largely  due 
to  impurity  ions®  However,  the  mobility  of  the  stoichiometric  sample  lit  should  be 
higher  than  that  of  the  impure  sample  3  if  this  simple  model  were  correct,  and  in 
order  to  explain  the  difference  it  is  necessary  to  assume  that  the  intrinsic  sample 
is  highly  compensated,  possibly  with  lead  atoms  sitting  in  tellurium  lattice  sites 
and  tellurium  atoms  sitting  in  lead  lattice  sites® 


n  * 

and 

P  * 


F.  Determination  of  Effective  Masses* 


The  effective  masses  of  the  charge  carriers  can  be  obtained  from  the 
Seebeck  coefficients  values  in  the  extrinsic  region.  In  this  region  the  Seebeck 
coefficient  is  given  by* 


S  •  ♦ 


2  -  In 


f  nh3  ) 

l  2(2TTm.  kT)3/2  J 


(18 


This  equation  assumes  lattice  scattering  is  predominant,  which  is  true  at  room 
temperatures  and  above.  Substituting  the  room  temperature  values  for  the  Seebeck 
coefficient  and  the  number  of  carriers  for  samples  3  and  19  we  obtain* 


1%  -  0.22  m 

rop  -  0.29  m 

0*  Determination  of  Temperature  Variation  of  B0g 

The  position  of  the  bands  and  the  band  edges  is  a  function  of  temperature. 
This  can  be  partially  explained  by  the  shift  in  the  energy  levels  by  the  volume  ex¬ 
pansion  of  the  lattice  with  temperature  and  excitation  of  lattice  vibrations®  The 
change  in  gap  has  been  shown  to  be  a  linear  function  of  temperature  in  many  aeai- 
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conductors  (1).  We  can  therefore  give  the  variation  of  energy  gap  with  tenperature 
by  the  equation: 


E  =  Eq  +  p  T 


(19 


P  can  also  be  determined  from 
measurements.  In  the  intrinsic  range 


tie  Seebeck  coefficient  vs  temperature 

tiie  Seebeck  coefficient  can  be  given  by  (29): 


<2° 

2k?  5  J 

Substituting  EQ  =  0,2k  eV  (see  Section  V)  and  b  ■*  2.2  into  this  equation  and  using 
the  Seebeck  coefficients  of  Figs.  3,  11,  lit  we  obtain: 

p  =  2.5  x  10^  eV/°K 

V.  DISCUSSION 


The  experimental  results  show  that  the  optical  energy  gap  for  indirect 
transitions  does  not  agree  with  the  activation  energy  measured  thermally.  The 
original  discrepancy  between  thermal  values  and  optical  values  were  shown  by- 
Scanlon  (9)  to  be  due  to  the  vaporization  of  tellurium  from  the  specimen  at  elevated 
temperatures.  However,  in  the  present  investigation  vaporization  was  effectively 
prevented,  as  is  shown  by  the  reproducibility  of  the  res’ jtivi ty  curves  on  repeated 
heating  and  cooling  cycles.  Therefore,  it  appears  that  mechanisms  must  be  present 
for  carrier  production  in  the  thermal  measurements  which  are  not  available  in  the 
op tical  measurement s . 


Recent  Russian  work  by  Xoval* chick  and  Maslalcovets  cited  in  the  literature 
survey  has  shown  that  specimens  vdaici'.  are  quenched  after  elevated  temperature  anneal 
have  a  greater  number  of  carriers  than  specimens  which  are  slowly  cooled  from  the 
annealing  temperature.  Assuming  a  bi molecular  reaction,  the  activation  energy 
determined  for  this  thermal  production  of  carriers  was  0.62  eV.  They  concluded  that 
the  production  of  carriers  at  the  annealing  temperature  is  most  probably  caused  by 
the  solution  of  excess  quiescent  impurity  atoms  in  lead  tellur if le;  or,  when  the 
composition  of  the  specimen  is  exactly  stoichiometric,  by  dissociation  of  the  compound, 
and  in  this  case  the  slope  will  characterize  the  energy  of  dissociation. 


However,  it  appears  unlikely  that  this  thermal  carrier  generation  is  caused 
by  the  solution  of  excess  atoms.  Such  solution  must  have  as  one  step  a  diffusion 
process,  and  the  slope  of  the  excess  carrier  concentration  -  temperature  curve  is 
much  smaller  than  the  slope  expected  for  a  reaction  involving  diffusion.  In  addition, 
there  is  no  reason  for  assuring  a  bimolecular  reaction.  If  the  calculation  is  based 
on  a  unimolecular  reaction,  the  activation  energy  obtained  is  0.32  eV. 
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Pilat  obtained  the  values  of  0.61  eV  and  0.75  eV  for  diffusion  of  lead 
and  tellurium  respectively  in  PbTe.  The  diffusion  activation  energy  consists  of 
two  parts*  the  jump  activation  energy  and  the  vacancy  production  energy.  The  ob¬ 
served  slope  of  0o3 2  eV  for  carrier  generation  is  therefore  approximately  what 
would  be  expected  for  the  slope  of  the  vacancy  concentration-temperature  curve. 

The  small  energy  calculated  to  be  necessary  to  form  a  vacancy  in  PbTe  as  compared 
to  most  other  materials  is  probably  due  to  the  high  polarizability  of  the  lead 
and  tellurium  atoms*  which  results  in  relaxation  of  the  Cculombic  forces.  Pro¬ 
duction  of  vacancy  pairs  will  occur  at  roughly  twice  this  energy  value  and  is  also 
to  be  expected.  However*  since  PbTe  is  only  partly  ionic,  it  is  not  necessary 
that  anion  and  cation  vacancies  be  produced  in  equal  concentrations^  and  it  is 
likely  that  a  greater  number  of  lead  than  tellurium  vacancies  will  be  generated 
due  to  the  differences  in  atomic  radii. 

Several  mechanisms  exist  by  which  the  vacancies  existing  in  the  lattice 
can  produce  current  carriers.  A  vacancy  created  by  the  removal  of  the  more 
electropositive  lead  atoms  will  tend  to  attract  electrons,  resulting  in  a  level 
in  the  forbidden  energy  region  close  to  the  valence  band.  Conversely,  a  vacancy 
on  the  more  electronegative  tellurium  lattice  tends  to  lose  electrons  and  produces 
an  additional  level  near  the  conduction  band.  Second  ionizations  for  each  type  of 
imperfection  are  also  possible.  Such  levels  will  compensate  each  other  at  low 
temperatures  if  the  concentration  of  the  two  types  of  vacancies  are  the  same.  As 
mentioned  above,  however,  more  lead  vacancies  should  exist  at  all  temperatures. 
Another  possibility  is  the  production  of  anti -structure  disorder  in  the  crystal. 
Anti-structure  disorder,  that  is,  lead  atoms  sitting  at  tellurium  sites  and  tellurium 
atoms  sitting  at  lead  sites  should  exist  to  some  extent  in  the  compound.  With  in¬ 
creasing  temperature  the  concentration  of  anti-structure  disorder  should  increase 
due  to  the  accompanying  increase  in  entropy.  The  tellurium  ion  cn  a  lead  site  will 
form  an  imperfection  that  will  tend  to  donate  electrons,  and  will  form  a  level  near 
the  conduction  band.  The  lead  ion  on  the  tellurium  site  will  tend  to  accept  an 
electron  and  will  form  an  acceptor  level  near  the  valence  band.  Reaction  with 
vacancies  permits  different  concentrations  of  the  two  anti-structure  reactions  to 

QCCUTo 


The  third  possible  mechanism  for  carrier  generation  is  vacancy  pair 
separation.  Lead  vacancies  are  negatively  charged  and  tellurium  vacancies  positively 
charged  with  respect  to  the  surrounding  crystal  and  will  attract  one  another.  When 
a  vacancy  pair  has  been  formed,  the  resultant  double  vacancy  is  not  charged,  and 
does  not  interact  with  the  charge  carriers.  However,  with  increasing  temperature 
the  number  of  vacancy  pairs  becomes  smaller  and  the  constituent  vacancies  regain 
apparent  charges.  The  lead  and  tellurium  vacancies  can  then  form  donor  and  acceptor 
levels  as  mentioned  before. 
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Whatever  the  mechanisms  for  the  production  of  these  additional  carriers, 
measurements  taken  at  elevated  temperature  will  detect  carriers  generated  by  two 
distinct  mechanisms?  1)  the  generation  of  electron-hole  pairs  across  the  energy 
gap  and,  2)  production  of  excess  carrier  at  the  elevated  temperature.  Optical 
measurements  at  room  temperature  however,  will  only  observe  carriers  which  are 
excited  across  the  energy  gap.  Therefore,  to  obtain  the  number  of  carriers  excited 
across  the  energy  gap  from  the  thermal  measurements  the  excess  concentration  must 
be  subtracted  from  the  total  carrier  concentration  determined.  Fig.  23  is  a  plot 
of  the  carrier  concentration  as  obtained  from  the  value  of  Fig.  21  and  the  thermal 
carrier  concentration  determined  by  Koval* chick.  Since  Kcrval* chick  gave  only  a 
small  graph  of  his  values  for  carrier  production,  it  is  difficult  to  reproduce  his 
data  accurately,  and  some  error  in  replotting  is  inevitable.  The  difference  curve 
should  yield  the  actual  electron-hole  equilibrium  concentration.  From  this  plot 
the  bandgap  at  0*K  is  found  to  be  0.2U  eV,  in  much  better  agreement  with  the  optically 
determined  value  than  is  the  uncorrected  value.  The  calculated  electron-hole  equili¬ 
brium  concentration  is  added  to  the  excess  carrier  concentration  in  the  bottom  graph 
of  Fig.  23  to  yield  the  total  number  of  carriers.  It  can  be  seen  that  the  log  of  the 
total  carrier  concentration  is  a  straight  line  function  of  the  reciprocal  temperature 
only  at  intermediate  temperatures.  At  high  temperatures  the  excess  carrier  concentra¬ 
tion  predominates,  while  at  lower  temperatures  the  electron-hole  pair  production  is 
predominant.  The  low  temperature  region  is  not  observable  since  impurity  conduction 
becomes  signicant,  and  the  high  temperature  region  was  not  observed  due  to  experimental 
difficulties. 

Free  vaporization  of  the  constituents  from  the  specimen  must  result  in  a 
large  concentration  of  vacancies  forming  in  the  sample.  This  will  result  in  the 
excess  carrier  concentration  line  being  pushed  to  values  higher  than  the  equilibrium 
values,  and  these  excess  carriers  will  then  be  predominant.  This  is  evidenced  by 
the  work  of  Putley  (8)  who  obtained  0.63  eV  when  such  free  vaporization  was  permitted 
to  occur. 
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VH.  LIST  OF  SYMBOLS 

a0  lattice  constant 

3  temperature  coefficient  of  energy  gap,  eV/*K. 
b  mobility  ratio  of  electrons  to  holes.  Un/up. 

Cc  initial  concentrationj  weight  percent, 

C  concentration  at  ary  point  in  specimen,  weight  percent, 

E  energy  gap  at  a  given  temperature,  eV. 

E0  energy  gap  at  absolute  zero,  eV, 

e  charge  on  electron  *  U,  8  x  10“ esu, 
eV  energy  in  electron  volts, 

g  fraction  of  ingot  solidified, 

k  wave  number  of  an  electron,  cm”1-, 

k  Boltzman  constant  ■  8,61  x  10“5  eV/*K, 

kc  solid  to  liquid  solute  concentration  ratio,  at  equilibrium, 
m  electronic  mass  •  9,1  x  10“2®  grams, 

nip  effective  hole  mass  in  the  lattice,  grams, 
mn  effective  electronic  mass  in  the  lattice,  grams, 
n  number  of  electrons  per  cubic  centimeter  of  solid, 

Na  number  of  acceptor  impurity  atoms/cm^. 

nj^  equilibrium  product  of  electrons  and  holes  at  a  temperature  T, 
un  mobility  of  electrons,  cm^/y-sec. 

Up  mobility  of  holes,  cm^/V-sec, 

p  number  of  holes  per  cubic  centimeter  of  solid, 

Q  Seebeck  coefficient,  stat  volts/*K, 

r  ratio  ^e/ 

29 
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R  Hall  coefficient ,  ca^/couloab, 

P  electrical  resistivity  oha-cm, 

P 9  resistivity  at  intersection  of  extrinsic  and  intrinsic  resistivity  curves* 

P o  observed  resistivity  at  the  temperature  determines* 

q r"  electrical  conductivity  oha'l 

0  Bragg  angle* 
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Fig.  1  Hall  Effect  Apparatus 


59-570 


30 


»  I  -o  *  •  * 

c  Cos  hf  P  P  P  ©  »  X  P 

3  o  o  c  cep  c  x  a  ft  ft  p  © 

5*  .5525S252  -tig 

sS £ ai “t;0  .» : ° £S «  sS^jfSEi 

t J  E*<Mti3X©T?©0-oa«sPX*XP©P  »  P 

s«sga|3s|s3a|s2||f.8-|.BS? 
'•i  .1  ssIs-c  si-  *  „e  „  t* 


o  ft  ©■* 

35^ 

USX 

S“ 

5  as 

E|l 

*  ~9 

O0« 

£  .S 

O  ft 

p  -* 

e--s 


"1° 
*£- 
*  l> 

E-* 

e-£ 


«  o 
5a  3^ 

ft.  P 

ft-  ^ 


P.  P 

^  fc 

•  U.  SI. 


lie 

55 


£  «  o  §  5  t 

u  ft  o.p  3 

_  t  ft  u  » 
s-cftt-apt-c 
0  X  ft  p  P  P  ft  fcr 
Uh><  hrtH  )  s’  1 

x  1 5-3S : 


.  ©  t3  o  6  o  •  p  c  p  ft  p  •  a  p  ©  »  «  •  x  ► 

;  ^  <4  4  P  x)  -h  ©  o  ft  p  ©  ft  Q  ux  q  ti 

.HH  #  E  €  C£  4  B  l«v.^  3r(l<  5  C«  j,  •  I  P 

<000  »  axpo«x!«vtV4p©o3oGon''ft  t> 

_  }Ettfcl5i*H«33S2  •!§::  *•§£ 

5$?5°[teeP$S;3*82.8§©3x££fS* 
JU«**t8.83l0pfs~i,2  3,3  5be« 
S-ir^cS  -2£^”?.S'3's8SSu£e“'"|s 

O  P  JftXftCHKp 

«  «  "o  .c  coo.  a  o  a.  0*0x8*  u  ♦*  ©ft 

sjs,  8  82  “*t  £s  s2|3?s 


ft.  Or  P  *-l 

S'.  82 


SSSg 

2£Ks 

e-  ,  1 

SS® 

“;  I  £ 
liH 


S!  'SS 

O  0-5 

s  ■? 

O  (ft 


0  £3 

•o  -  - 

. .  -•  a 

,Sf 
3 


G  bt  4 

©tj3©px©xp©p  '  p 
"••1  C*1*3  C.U.  i/\  P 

6  *  l-  i  «  r<  C  >  b 

*Vi  «;«-©»  ft  o  .  , 

c  o  ft  c  a  p  ~>  a  r  £  +  K  t 


: £5  -3 

:  ©  X 

J  UT!  O 

*  r  c  ©  © 

is  -  r! 


*■-.  E 

vb  ? 
sc' 

,,‘JS 


S-2  j2  p  c  fr  © 

t*  «  PoftOTSdCeooviOftoc. 
ft  ®  k  o  p  p  c  p  xcoaoer.  ©pf 

£3£:)SS0)5,^,'",2utf.E‘-tl 

o  v.  oop  3  e©p©ftx©P< 

5„  •>  B  ft,  c  •  <4  B  •OS.l)S.3*,i;«‘ 

Ts®©  ©p£ft  —  p  P  ft  p  l-  e 
■S  m  «*x  oSoiRXcoooM  ^ 

cSasS?S.£3Sig5SlS£*s  !“:*£■  i 

■‘»f2  338l|^.?S5‘'’t£’'i£’£3C£: 

£^,8  ft  O  p  P  qJ-4  O  ft  4.  P  U  *'  P  «  „  X  «  M 
X  O  ©  P  O.P  X  rHO‘-3-OOXe?*JC*».PO  * 
OP  >0  C  r-  - 

’usslifs -  —  ... 

S'5  ”SS  i2.»  5  r_e=.pb!.c. 

£  .-=-332  8 

t.  «  ■o  a  I 

s, . . 

0  ’  aS233"^S^  S S “ 3 

a  K  s  j 

<r,  l.  u  s  ts  -i  - 

c  4  *  x  ?  £-f  * 


‘«6.cu  3^.po  Se£^ 

Fox  T‘ceef,‘-*5«rS 
*-  -5.u®i«pLo»-^k- 

- - -  j  c  r-<  x:  p  < 

.  a  9H<*  1 

i£  U  O  r* 

I  d  H  —  c 

>  O  •  X  > 

l .  o*6n 


X  *•  E3‘OSEOC>-'XPi 

-OinPPPc  3—.  1.  tb  u  a  a  I-  —  fc 
w^ifc,  C  c  C  O  -r1  ?r  *' 

q  I  u  0  55-" 

P  *J  TJ-P  OOUrH 

e^oix  (S.VP  *  u  o  y  o  >>  “  '  .  " 

-6  3  S  g.D  ■*  » "3  2  'j  £  3  «  2  b  *•  '■•  S  9  E  .* 

S8|°|50-SS.“  *•**  5  5' 

.sac*-.  -  -  -  - 


.tsa.’fS; 

1  3  o  c  o 


5  t 


....  !  2-&t  .  , 

5£l3SS|3S3  3S"h3  S3  i 

k>  P  o  cw.  P  2.0-px^*  o-oVp-c  >,  *c  p  o  ♦  p  c 

oSna.ju;nJ323SJ2  -  .s 

£S  §  —  2  c  2  •  —  2-c  «>,.£v,  ^oSo-c  *8 

s  S'’25!3s^ "  5  * ,: .  s-s 53 
«•-.  EJ!i‘.DScS35 

...Eknovp.AC 

?s3£88«3  “■  * 


s  s  2^ 

%  *Sr  " 


ct  SO  ft. 

5? 


Js e^s_ 

k  >»  ©  P  o 

OVec^POX  ^OSe 

o  r-  o  p  p  e  © 

®  5  T>  X  COO. 

p  e  c  ©  cop 
ac^pPoop  ' 

C  «Tl  BH  «  t 
-4  U  J  p  X  »  o 
<n  p  o  ft.  p  a 

o  o  p  5  o 

t  J  ^  C  C? 


c  o  0  ^  c 

O  XJ  K  C 

o  «  *>  n  r- 


-  fs  v  4 

i  £  o.31^ 

.  p  o.  r  - 


<&§ 

is 


o  ©  L  -  —  ■ 

c>hi£r 

-5g S  .88. 

x*jpu  <k,£«foa^o^',.  « 
oxpooopo  >  u  •  a  ^  E  •>  j 
pwp— to  pp  “  ©St**-  o  'i  E 

Oppp  o  t  V  j  t  >.  ox.  v  0  *  p  • 

5  3  p  p  ©p 

<03 


o  *5 


§38 

522 

O  <0 

>-  •  P  ' 

IH  «* 
i*  TJ<X 

gi*S5 


;  "  3  ^ 


2i1"!"oii:  it  ."i3ci.§c  « 

«  O*  CPUS 

o.'ScIsSc  sss.‘*s.'3“)!|*» 

8*9  i  s  «.,,£E*  3  3  St  *S* 

_  .  t-  .Y  |  O  .4  3  Tj  E  n  a  V  *4  St  B  C  **  > 

oa  —  po  5*.  cp  o  oopC  j«p  »>  o*<5 


-4  p  t>  q 

=  -o  *  p 
j5«» 

sp  SS',J^?3«J  3  c  ©^ 

3-CUOOt  <N4  B  p  ftt  3 

!  Ps-a  5St:?S  ? 


£*3  ft  «  u  cCooPoo 

OP®PE©©0-0  t  C  ai 

Is  flsl  sIl^E  £8 


K  33 


£  o  ■*  E 

a;  o  © 

£  c-  S  “o 

ftVftO  « 
o 

So- —  o 
tn  o  c 
o  O'  c~  5 
*Hu\ 
f-  ,  » 

“  SP 

las 

E2! 

£  'SS 

O  o5 

£  .g 

C  Oi 
—>  X 


PE 


55 


©OP  ftp 

o  o  c  _  c  o 

2  «  2  I  5  8  S 

O.  fci  O.  P  P  Jj 
3  2  © 


58 

t  i 

V  P 

V 

El 

* 

i’ 


o  c  x  a  *<  *.  p  o 

S-  ©OO  t  H  3  »  C 

,.  .  ._  -S5fe£S^  ISSgfsM 

k©ft*ciax  ©T3*ltiT3a«)PXeXP«P  »p 

’-858S3!s8S!;3is826|’3|5 

©Pdopo  C  •  P©p©0>o 

c-iig.JsStg^-yiss 
|g.i525  5  ?s"“  •1bsi,3cS2?o.1s~ 

s  e  ?5-S  cSS‘-22g|g|SJS|?^)“~- 


E3S8  Si 

S"i£-r 


i 

53 

§1 

ss-a  1 

32  £2 


OCOEJDP  PP 
"C  O  p  5  3p  8‘C'-  a.  p”“  .3 

qt  ^ai^?£a§5si'‘o5s 
§lg,S^^5Ko“J5(.t|S|&2o5;. 

3 ^  ^ * S a£p 2 


xaccaqoPKOp  P»i*88©ooopo 
puppXP©  x  *  E  ax?  ft  ©Cpxp  5 

c  P  urn  ft  tju%  3  pp  c  a  p  ft  m  ft.  «  a  k*  p  ■ 

■>  n  o p  2  c  „  e  e  5  r*--  o  ft  v  ©  ©  ^ 

;3<!J  5  *  S3  £  »  »  a  S  2  <.  *  5  2  .2  £ 

333  -  -O—  COE,—  *  —  O  0  E  Q  — 


E  a  n  E  « 

?8ils8aa-HS^ 
£S°l5u-SS;S.  1 
iSSS2583S| 

”  ft.  s  3  *  ®  • 

: B  S  5  -  g 


Slit: 

£  -  .  2  3  -“•  5  8  C  £ 
SiSSSS^M  22 
s  s  *•  »2  spa  it  s  * 

Pmo©  o  l  b  ft  op 

■  *eS^s*h 


•'2a£,S5--852.£3  5-*e?3i8SE|| 

«  gcc.con.  3«fl-  °‘2*;B£.J;q..SS 

-is|s,S82-s-c'l-|>;cSS?2ES|S«f 

Se?3Ss|3-5a3cS^S^sl:s8t|7ia 
*>c))3a'»  “■322285  —  '  *  S  .  *  5  4  2* 


3  v  w  S  ^  8  %  .  '  3 

!?5S°2a.°5s 

:  .  8  v  p.  a 


S"S8S‘u5S5-5-SaS2*S£^l.S5| 
SS?&2S2t2si2lssl*a*S-3f;2  2E 


4^P 

S 

•  ft-  o. 

3*8 


t  231 

8  <N4  S  « 

ft  \ft  O  « 


O  ft  o> 

5X* 

II* 

iSH 

m 

5  .5 


pppuqoox 

"25 3£2S3^S5 

S3  8228°  I ‘T?? 

?|as  E 


-acSS52£2SSSSSSS5  .5'SjSi 

^sl^Sc  c^£  5  2  c  5.5  35  £  Site; 

s«Ssi^?s!:i^ijfsb3^*a 

Sk-l-cc-i  8  .1  *5S-S2ih8  .2iaa  . 

:sl°t2l3  SE  StSs.  ssailSSI 


cej,  ,  i232ls  set?' 

“ £  *-55 "tJ »29  2 i 
SJ5°35-.SS:S-3JS£SSSS'af  « 1 
0**S5*t2S2S5°-f8-»2|a£t£, 

op  «*ppecoSft'-'£Ev<_  i  t  fl  r  S  I 

«  tj  5  eoa,  3©o.  o  t  £  4  ■  ftp  •  L 

illa|ll25i:lfri55!^0°p’s 

r3?£JJ2£fa2§-2::.o~>,.3l5S' 

S  slfl  -  S  <3  2  *  2  s  X  -i  a  ! 


•  ff*ctiv*  MIS  0.?9 


